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Station 

Columbus _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Atchison _______________..______ 
Eureka _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Manhattan . . . . . . . . . . . . . . . . . . . . .  
McPherson . . . . . . . . . . . . . . . . . . . . .  
BurrOalr _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Hays _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Coldwater . . . . . . . . . . . . . . . . . . . . . .  
Dresden . . . . . . . . . . . . . . . . . . . . . . . .  
Liberal _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Garden City . . . . . . . . . . . . . . . . . . . .  
Sharon Springs _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

in the rains of the vaious magnitudes may be determined 
by multiplying the averages of table 10 by the average 
number of rains of each magnitude in each district. 

The frequency of heavy rainfall and the number of 
droughts were also found for this 40-year period. The 
limits selected were the frequency of rains of 2.00 inches 
and over, and the number of days between rains of 0.25 
inch during the crop growing season. 

The 12 stations named in table 11, cover, in a general 
way, most of the State of Kansas. The table gives the 
number of rains of 2.00 inches or more. The first column 
shows the number of times a rain of 2.00 inches or more 
was followed on the succeeding day by a similar rain. 
In most cases these were not separate rains, but rather 
continuations of the same rain. At Manhattan 2.00 
inches or more fell on succeeding days 3 times. At 
Coldwater the shortest interval between rains of 2.00 
inches or more is 18 days; and at  Dresden only 2 rains of 
2.00 inches or more have been recorded within 20 days of 
each other, and they came on succeeding days. Heavy 
rains occur much more frequently in the eastern than in 
the western part of Kansas. 

TABLE 11.-Nuinbet of occurrences of rains of 2 inches or more at 
various intervals, 1596-1 935 

I Number of days between rains of 2 inches or more 

01 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
____- - - - - -__- - - - - -_ -_  
_ _  1 _ _  2 _ _  1 _ _  1 _ _  1 _ _  1 1 1 1 _ _  _ _  3 1 1 _ _  
I 1 _ _  1 2 _ _  -. .. 2 .- 1 _ _  _ _  _ _  1 _ _  _ _  .- ._ 1 _ _  
2 - -  2 1 . .  1 2  1 1 . -  1 _ _ _ _ _ _ _ _ _ _  1 l - -  l - -  
3 _ _  ._ _ _  1 1 _ _  2 1 .- -. .. _ _  _ _  2 _ _  1 _ _  2 _ _  _ _  
2 _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 
2 ___________.____._ 1-. 1 _ _ _ _ _ _ _ _ _ _  1 _ _ _ _  
2 _ _ _ _  1 _ _ _ _ _ _  1 _ _ _ _ _ _ _ _  1 _ _ _ _ _ _ _ _ _ _ _ _ _ _  1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 _ _  _ _  
1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _. _ _  
1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 _ _  _ _  _ _  1 _ _  _ _  _ _  1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  _ _  1 _ _  _ _  _ _  _ _  _ _  _. _ _  _ _  _ _  _ _  

1 Rains of 4 inches or more on consecutive days. 

Using the same stations and the same period of time, 
the number of periods of 30 days or more without a rain 
of 0.25 inch or more in 24 hours during the growing season, 
April 1 to September 30, were counted. The results are 
shown in figure 1. Columbus reports the fewest, having 
had only 15 such occurrences during the 40-years. The 
number of these 30-day, or longer, dry periods increases 
greatly to the westward across the State; Richfield, in 
the southwestern corner, has had 76 in the 40-years, five 
times as many as in the southeastern counties. 

FIGI'RE 1.-The number of periods of 30 days, or more, without a rain of 0.25 inch, or 
more, in 24 hours for the past 40 years (189&1935), March 1 to September 30 each yem. 
Numbers In parentheiw 8m greatest number of days between ralns of 0.25 inch, or more. 

On an average the eastern third of Kansas has only one 
of these dry periods during a growing season every two 
years, the middle third one a year, and the western third 
three in two years. 

The numbers in parentheses in figure 1 show the greatest 
number of days, during the growing season, between rains 
of 0.25 inch or more. On this basis the longest drought 
in the eastern third was approximately 49 days; in the 
middle third 62 days; and in the western third 82 days; 
with 89 days, May &July 31, 1933, being the longest 
on record for a particular station. 

THE DURATION AND INTENSITY OF TWILIGHT 
By HERBERT H. KIMBALL 

[Reprinted from Mom. WEATFI. REV., U: 614-620,1016] 

INTRODUCTION 

Officials of the Weather Bureau frequently receive re- 
quests for informati'on relative to the intensity of the 
light a t  some specified time, usually during the hours of 
twilight. TwiLght illumination is, of course, markediy 
influenced by the state of the sky as regards clouds, haze, 
smoke, etc. Aside from this it is de endent on the an- 

position and phase of the moon. 
gular depression of the sun below t i e horizon and the 

THE DURATION OF TWILIGHT 

One of the earliest accessible treatises on twilight is 
by Johann Heinrich Lambert,' who states that ancient 
astronomers had found for the beginning of complete 
darkness at night and its ending in the morning a de- 
pression of the sun below the horizon of from 18' to 19°.a 
According to Kaemtz they also gave a s a rqle that at 
this time stars of the sixth magnitude should be viable 
near the zenith. 

1 Lambert's Photometrie (1760) Zweltes Heft: Theil 111 IV and V pp. 96-112. (Ost- 

I For a bibliomphy summarizing these determinations see' Houceau, J. C., Vada 
weld's Klassiker der exakten Wi.&rnnschaltan. Nr. 32. dlprig 1802.5 

mecum de I'astronomi. Bruxelles 1867 p 313-316. 

London, 1845, p. 410. 
S Meteorology, by L. F. Kaemtz.' Notkby  Ch. Martins. Translatad by C. V. Walks. 

106767-392 

Kaemtz ' also describes the anti-twilight, which in- 
cludes what man observers have called the anticrepus- 
cular or anti-twitght arch, below which the sky is of 
an ashy or a deep due  color, depending on its clear- 
ness, and above which it takes on a reddish tinge. Under 
favorable atmospheric conditions, and specially in arid 
regions a t  a considerable elevation above sea level, this 
arch may be observed to rise in the east soon after sunset. 
Lambert,6 a t  Augsburg, Germany, on November 19, 
1759, made measurements from which he com uted that 

a t  its apparent setting; or, allowin 33' for atmospheric 
refraction, when the depression o f the sun below the 
horizon was 6O23'. Bravais," from observations made 
on the summit of the Faulhorn, Switzerland, a t  an eleva- 
tion of 2 685 meters above sea level, found it to pass his 
zenith when the sun was 6'9' below the horizon, and to 
reach the horizon when the depression of the sun waa 
17'30'. 

On the assumption that the anti-twilight arch repre- 
sents the limit of direct illumination of the atmosphere 

i t  passed his zenith when the sun was 5'50' P ower than 

409 cit p . m .  ' op: crt:: p. 104. 
Bravais, M. A. Observations ~II les ph6nom6nes cr4pusrulalres. Annuaire MB- 

tbrologique de la France pour 1850, 2- An&. p.185-218. (Sea Note 8dditionnellr, 
pa 216.) 
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by the sun, Lambert shows that a depression of the 
sun below the horizon of 18’30’ a t  the end of twilight gives 
1/89th part of the earth’s radius, or about 70 ldonieters, 
as the height t80 which t8he atmosphere is c,apable of 
reflecting sunlight. This seemed to him to be too high, 
and he therefore supposed twilight t80 be divided into two 
periods, a primnTy twilight, and a secondary twilight. 
The priiimry twilight, he attributed to light reflected froni 
portions of the atnlosphere directly illuminated by the 
sun. Secondary twilight he attributed to reflection of 
light from portioiis of the atmosphere illuminated by the 
primary twilight. 

Assuming t81iat the end of this secondary twilight cor- 
responds t,o t>he begi!ining of coniplete darlilles:, Illid, 
therefore, to a depresslon of the sun below the horlzon of 
18O30’, Lambert computed the height to which the 
atmosphere, is ca.pable of reflechg sunlight t,o be 1 /37%d 
part of t>he ea.rt.h’s radius, or about. 17 kilometers. From 
his own measurements of the height, of the anti-twilight, 
arch with the sun 8’3’ below tjhe horizon, Lambert co111- 
puted t,he heiglit, to w!iicli idle. at,niosphere reflects suidiglit 
t,o be 1/220t8l1 part, of the eart,h’s radius, or about 29 kil- 
ometers, which is niucli less thnn the height now generdly 
a.c.cepted.10 His comput,nt’ion 3.1~0 p1ac.e.d the anti-twilight 
arch at, a.bout the ce,nter of t’ho segment, of the s ly  wliicli 
he supposed t o  be illuininat,ed by secondary reflect,ion, ~ n d  
he therefore conc.luded that the light in one half thk 
segment is so feeble as to lie obscured by t,lre light, of hlie 
fixed stars. 

This conclusion of Lambert’s found favor with Biot,” 
but was rejected by Grunert,,12 who shows that Lambe,rt’s 
observations give incretasingly lliglier values for t,he height 
of the upper limit of the reflecting at,mosphere w1t.h 
increasing depression of t’he sun below the horizon. 

Kaemt8z l3 also stat,es t1ia.t “This segment, [the deep blue 
of the anti-twilight] is due to the shadow of the eart,li 
projected on t.he sky,” and a noBe by M a r h s  l4 defines the 
second iuv7igh.t t80 be t,lie feeble white light that under 
favorable conditions is soniet,imes observed from high 
mountains after t,lie, a11t.i-twilight arch has set, and which 
has been observed t,o conbinue until the sun was 26’ below 
the horizon. It is also stated that this second twilight 
has not been observed at  low-level st’ations. 

LBska lS and a.lso Esner l6 ignore the secondnry twi- 
light of Lambert. Following Bezold,17 however, Esner 
distinguishes betwee,n a “first” and a “second” twilight, 
the “first” twilight termina,tiiig in the evening. with the 
disappearance of the first purple light, w l k h  is often a 
prominent feature of twilight phenomena. According to 
Bezold’s observat,ions, the anti-twilight arch can nbt be 
observed to pass the zenith, but can sometimes be seen 
to reappear in t,he western sky about 30’ past the zenith. 
Its final disappearance marks the end of a.stronomica1 
twilight. 

Tables of the du,ra.tio,n of astronomical twilight.-In early 
numbers of the Berliner Astronomisches Jnhrbuch 
will be found tables giving the duration of a.stronomica1 

7 Op. cit.. p. 102. 
I Op. cit., p. 102. * Op. cit., p. lor). 
10 See Heim. Alberf. Luft-Farhen. Hofer & Co. Zurlch, 1912. p. 68. 
11 Bid, J. B. Trait6 418mentire d’Astmnomie physique. 3d ad. Paris, 1841. Vol. 

1) ffruncrt, Johann A u g w l t .  Beitrtlge ZUT meteorologischen Optik. Leipzig. 1848. 

Is 0 rit. p. 408. 
14 d i m t i  op. cit.. p. ~)9, sw also p. 499. note “o.” 
1) LBska. Prof. Dr. W. Lehrhuch der Astronomle und der mathematischcn Oeog- 

raphie. 11. Auflam. I. Tei1:Spharische Astronomie. Brewrhaven und Leipzig, 1906. 
74-78. (Kleyers Encykloprdie der gemmten mathematischen, technischen und exakten 
aturwissenschnften.) 
16 Pernter, J .  M. .  & Exner, Felix M.  Meteorologische Optik. Wien und Leipzig, 1910. 

1’ See Abbe’s translation of Bezold’s description of twilight phenomena, with Exner’s 
11 See the “Ephemeriden” in the Jahrhiicher for 1776-1829. 

1, p. 3fm-323. 

Erster Theil, Erstes IIeft, p. 194-2fi4. 

Ri 
p. 739-799. 

discusslon. p. 17-23 of this separate. 

twilight for each day in the yea,r. From the explanation 
of the use of the Ephemeriden in the Jahrbuch for 1776, 
pi1.ge.s 20-21, it appears that sunrise or sunset is considered 
to be that instant when the center of the sun coincides 
wit,h the brue horizon, disregarding the effect of atinos- 
pheric refraction; and as astronomical twilight begins in 
the morning and ends in the evening when the true posi- 
tIon of t,he sun’s center is 18O below the horizon. The 
interval bet,ween the time of sunrise or sunset thus com- 
put)ed and the time the sun is 18’ below the horizon is the 
duration of astronomical twilight given. 

In t,he Annuaire Ast,ronomique de l’observatoire Royal 
de Belgique lg is published a table giving the duration of 
astrononiica.1 twilight fur ea& fift,h de,gree of latitude a t  
the t,ime of the equinoses and of the summer and winter 
solst,ices t.hat is in accord with the above. 

In the Coiiipt,es Reiidus for 1860, 50:81, M. F. Petit 
presents, for 1a.tit’udes 48’ and 49’ N., some preliminary 
computat~ions of t’he duration of twilight, or the interval 
between the time the ce,nter of tfhe sun rtppenrs to be on 
the, horizo1i? allowing 33’ 30” for atmospheric refraction, 
:1nd t,he time the true, position of the sun’s center is Bo 
below the. horizon. In t,lie Coinptes Rendus for 1860, 
51 :486-4SS, lie published a table, giving t,he duration of 
twilight for each degree of solar declinahion from -24’ 
to +24’ and for each degree of ln.tit,ude from 0’ t,o 70°.  

This t,able a.ppears t,o be the basis for most of the t,nbles 
giving the clur:~ tdon of astronomicnl twilight since pub- 
Iisl~ed. Thus, in the “Annua.ire Asbronoiiiique et MBt& 
orologique pour 1 S93 par Camille Fla.mmnrion” is a table 
giving t.he duration of astronomical twilight for each fifth 
degree latitude and for 1 &day interva,ls, be,ginning 
wit,h January 1. No authorit is given, but it appears 

been obtained by iiit,erpola.tion in it for the solar declina- 
t,ion on the days for which da.ta is civen. 

Likewise, LBslia 2o published a table giving the duration 
of a.stronomica1 twilight that is attributed to the Annuaire 
for 1905. His table stat)es in the he,ading that the data 
refer to the first day of the respec.t,ive months; but they 
seem to have been copie.cl directly from the Annuaire, 
tnlring for the first day of the respec.t.ive months the data 
for the dat,e given in the table that falls nearest the first, 
alt,hough in some cases this may have been as early as the 
26th of the preceding month. In  a few cases only does it 
appear that an attempt has been made to obtain correct 
dtita by interpolation. This table of L&ska’s has been 
copied by Exner.?’ 

From the above. brief review of the literature it is 
apparent that the uniform practice in the computation of 
tables of the d u r d o n  of astronomical twilight has been 
to re.gard the time of its beginnine in the morning, or its 
ending in the evening, as that mst.ant when the true 
position of the center of the sun is 18’ below the horizon; 
although t,lie earlier observers, as ha.s already been shown, 
qave a slightly greater depression of the sun a t  the begin- 
&ng or end of complete darkness, and later observers have 
generally found a somewhat less depression, namely, from 
16’ to 18°.22 The tables of duration of twilight, however, 
show variations due to differences with respect to the 
position of the sun at  its rising and set,ting. The older 
German writers, as already shown, considered the sun to 
rise or set when its center coincided witah the true horizon, 
disregarding atniospheric refraction; modern French and 
Belgians consider sunrise or sunset to be that instant when 

to be in acc.ord with Petit’s t,ab P e,, nnd might, indeed, have 

19 See, for example, the Annuaire for 1807, p. 193. 
20 Op. cit., p. 77. 
21 Pernter & Eintr. op. tit. p. 743. 
22 See Ldaka. op. cit., p. t4.l Grunert. op. cit.. p. 221; Pcrnter S Emer. op. cit.. p. 743, 

766, 767; Schmidt, J. F. Jultr(8. Ueher die Dtlmmerung. Astronomlsche Nachrichten 
NO. 149b1496, Altona, 1865. 36. col. 97-116. 



~ T E M B I C F ~  1938 MONTHLY WEATHER REVIEW 281 

Jan. 1 ._.__.____ 
11 _ _ _ _ _ _ _ _ _ _  
21 _.____.___ 

Feh. 1 _ _ _ _ _  ~ _ _ _ _  
11 ___. ~ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

Mar. 1 _ _ _ _ _ _ _ _ _ _  
11 _ _ _ _ _ _ _  _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

the center of the sun appears to be on the true horizon; 
while modern English and German writers consider it to 
be the instant when the upper limb of the sun appears to 
be on the horizon. These two latter, therefore, apply a 
correction for atmospheric refraction to the comput,ed 
position of the sun a t  sunrise or sunset. 

Table 1 of the present paper gives the length of tlie 
period between the time when the upper limb of the sun 
appears to coincide with the true horizon and the t,ime 
the true position of its cente,r is 18' below tlie horizon. 
Allowing 16' for the sun's semicliamet,er, and 34' for ntmos- 
pheric refraction, the sun is then only 1 7 O  10' lower than 
a t  the time of sunrise or sunset. 

The computations may be made from the equation 

h.m h.m A.m h.m h . m  h.nr h. rn h . m  h.ni  h.nr h.nr h . m  h . m  h.nr h. m 
1 14 1 15 1 18 1 21 1 26 1 28 1 21, 1 31 1 32 1 37 1 41 1 45 I 49 1 53 1 59 
1 14 1 14 1 18 1 21 1 25 1 27 1 39 I 31 1 33 1 36 1 39 1 43 1 47 I 52 1 57 
1 13 1 13 1 17 1 20 1 23 1 25 1 3 1 30 1 32 1 34 1 36 1 41 145 1 49 1 54 

1121121 151161?21W1?61 2813013313613914314715? 
1 11 1 121 14 1 17 1 31 123 1 25 127 129 1 321 34 137 141 145 149 
1 10 1 11 1 13 1 16 1 XI 1221 24 1 36 1 28 1 31 1 33 1 36 140 1 44 1 48 

1101 11 1 13 1 16 120 1 21 1 23 1 25 1 ?8 130 133 1361 39 143 145 
109 1 10 1 13 1 16 1 19 1 21 123 1 25 1 28 1 30 1 33 1 36 138 143 1 48 
109 1 10 1 13 116 120 1 22 1 W 128 1 29 131 1 34 1 37 141 145 150 

sin a-sin 4 sin 6 
cos 4 cos 6 h= 

Apr. 1 _ _ _ _ _ _ _ _ _ _  
11 _ _ _ _ _ _ _ _ _ _  
2i _ _ _ _ _ _ _ _ _ _  

May 1 ._________ 
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

June 1- _____.___ 
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

July 1 _ _ _ _ _ _ _ _ _  
11 ____._____ 
21 .____.____ 

Aug. 1 ___.______ 
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

Sept. 1 _ _ _ _ _ _ _ _ _ _  
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

Oct. 1 _________. 
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

Nov. 1 _ _ _ _ _ _ _ _ _ _  
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

Dec. 1 _ _ _ _ _ _ _ _ _ _  
11 _ _ _ _ _ _ _ _ _ _  
21 _ _ _ _ _ _ _ _ _ _  

where h is the sun's hour angle from tlie meridian, a is the 
sun's altitude, considered minus below the horizon, 6 is 
the solar declinat,ion, and 4 is the latitude of the place of 
observation. 

TABLE 1.-Duration of astronomical twilight. (Interval between 
siinriue or sunset and the t ime when the true position of the sun's 
center a's 18' below the horizon)  

109 1 11 1 14 1 17 121 123 1251 27 130 1331 361 40 144 1491 S4 
1 io 1 11 1 15 1 is 1 22 1 24 1 27 1 30 1 33 1 36 1 39 1 43 I 48 I 54 2 no 
1 11 1 12 1 16 120 1 %  12i I 291 321 36 139 143 1 4 8  1 %  2 01 2 os 
1 12 1 13 1 18 1 22 1 27 1 30 1 33 1 36 1 39 1 43 1 48 1 54 2 01 2 10 2 20 
1 13 1 14 1 19 1 24 1 30 1 33 1 36 1 40 1 43 1 48 1 54 2 01 2 10 3 LXJ 2 35 
1 13 1 15 1 21 1 26 1 32 1 36 1 39 1 43 1 48 1 54 2 01 2 10 2 20 2 35 2 58 

1 14 1 16 1 23 1 2s 1 35 1 35 1 41 1 46 1 5311 59 2 07 2 1s 2 31 2 54 .___ 
1 15 1 17 1 24 1 29 1 36 1 40 1 4 1 49 1 55 2 02 2 12 '2 33 2 40 3 11 ..-- 
1 15 1 1A 1 24 1 29 1 37 1 41 1 45 1 50 1 56 2 03 2 13 2 25 2 44 3 19 _ _ _ _  
1 15 1 171 24 1 39 1361 40 144 1 49 1 552 022 122 23 2 403 10 .___ 
1 14 1 16 1 23 1 28 1 35 1 38 1 41 1 46 1 52 1 59 2 07 3 16 2 31 2 51 ..__ 
1 13 1 15 1 21 1 ?.6 1321 36 139 1 43 148 1 5 4 2  01 2 10 2 21 2 363 00 

1 13 1 14 1 19 1 ?4 130 1 33 1 36 1 40 1 4  1 18 1 54 2 0 2 2  lCJ2 20 2 3.5 
1 12 1 13 1 IS 1 22 1 97 I 30 1 33 1 36 1 39 1 43 1 48 1 54 3 01 2 111 2 3 
1 11 1 12 1 16 1 20 1 21 1 27 1 30 1 33 130 1 39 1 43 14s 1 54 2 01 2 09 

1 10 1 11 1 14 1 18 1 92 1 24 1 27 1 30 1 33 I 36 1 39 1 43 1 48 1 53 3 00 
1 09 1 11 1 13 1 17 1 21 1 23 1 25 1 2i 1 30 1 33 1 36 I 39 1 -14 1 49 1 51 
1 09 1 10 1 13 1 16 1 20 1 22 1 24 1 26 1 29 1 31 1 34 137 1 41 115 1 50 

109 1 101 13 1 16 1 19 1 21 1 23 1 26 1 28 130 1 33 1 36 1 39 143 1 48 
1 10 1 11 1 13 1 16 1 19 1 21 1 23 1 35 1 281 30 1 33 1 36 1 39 143 148 
1 101 11 1 13 1 16 1 20 1 231 ?4 1 26 1 28 1 31 1 33 1 36 1 40 144 148 

1 11 1 12 1 14 1 17 1 21 1 23 1 25 1 27 1 29 1 32 134 1 38 1 41 14B 1 49 
1 12 1 12 1 16 1 1R 1 22 1 W 1 26 1 28 1 30 1 33 1 36 1 40 1 43 1 47 1 52 
1 131 13 1 17 1 20 1 24 1 26 1 28 1 30 1321 35 138 142 1 46 1 49 1 55 

1 14 1 14 1 18 1 21 1 251 27 1 29 131 1 33 1 36 1 40 144 1 47 1 52 1 57 
114 1 15 1 18 122 1 26 128 1301 32 134 137 141 145 1.19 1 53 159 
1 16 1 16 1 19 1 22 1 26 1 28 130 132 135 138 141 145 149 1 54 1 59 

The solar declinations employed are those given in tlie 
American Ephemeris and Naut,ical Almanac, 1899, pp. 
377-384, Solar Ephemeris for Washington. which are 
very close average values.a3 

The computations have been simplified by the use of 
Ball's Altitude Tables,a4 from which the value of h has 

29 Marvin C. F. Sunshine Tables 
34 Ball. Fkderick. Altitude Tables lor lat. 31° to 60'. London, 1Wi; [same] for lat. 

Oo to 30°. London, 1910. 

Edition of 1905, p. 3. (W. B. No 320 ) 

been determine,d for true altitudee of the sun of -50' 
and -18'. The diflerence between these two values is 
the durxbion of ast'rononiical twilight. It is, therefore, 
from 1 to 2 minutes less than that given in Petit's table 
und from 3 t80 '7 minutes lws than that given in the 
Berliner Ast'ronomisches Jnhrbuch and in the Annuaire 
Astronomique de Belgique above quoted, the magnitude 
of the diflerences increasing with t8he latitude. 

Tnblev qf the duration of ciril  tudigh.t.-De$iLitwns of 
ciiyil twilight-There is a lack of definiteness and of uni- 
formity in tlie definitions of civil twil.ight. Thus the 
Berliner Ast8ronomisches Jahrbuch for 1776, in the ex- 
planstion of the use of tlie Eplieniericle.n, page 22, givea 
w-1in.t it cdls Ln.inbert's clefinitmion of tlie beginning of 
civil twilight in the morning or its ending in the evening, 
mniely, when t'lie center of the sun is 6' 23%' below the 

or 5' 50' lower than when its cente,r appe,ars to 
coincide wit,h the true horizon, at  1v1~c.h time the [anti-] 
twilight arch passes through the zenith. Also, Bravais l6 
shtes  that "The results obtaine.d show that the passage 
of the [anti-twilight] c.urve n t  the zenith, the Commence- 
ment or end of the c i d  twilight of Lambert, occurs 
when the sun ren.c.lies a zenith distance of 96O." Abbe, 
~ r . , ~ '  gives a similar definition, e,scept that he does not 
give the position of t8he sun. I<uemtz distinguishes 
nst(rononlica1 froin ordinary twilight, the lnt,ter terniina- 
t,llig "when darkness compels us to suspend labour that 
is going on in the opeii air." L8slrn's definition is simi- 
lar, except that he aclcls that tlie sun is tlien about G)ho  
below tlie horizon. Bezolcl ay identifies the end of civil 
twilight with the disappenrmce of the first purple light, 
when the sun is about 6' below the horizon. This is 
also Gruner's ~lefinition.~~ Flammarion 31 states that 
civil twilight ends nncl t,he day closes a t  the moment when 
tlie sun is 6' below the horizon, and the planets and stars 
of the first magnitude begin to appe3.r. In the Annuaire 
Astronomique de 1'Observatoire Royal de Belgique 32 
it is stated that civil twilight ends when the sun is about 
G o  below the horizon, a t  the time the [anti]crepuscular 
arch passes tlie zeiiibh. Heini 33 states that with a de- 
pression of the sun of 6:;' civil twilight ends; that .is to 
say, one can no longer read and write wit,liout artificial 
light. According t'o Vincent 38 civil twilight begins in tlie 
niorning at  the instant when we are first able to read 
ordinary print with the hack turned toward the east; t8he 
siin is then 6' below the, horizon. It ends in the evening 
when we cease to be able to read with the back turned 
towtwd the sun's setting. A notme in the Journal of the 
Roya.1 Astrononlicsl Society of Canada, May, June, 1916, 
p. 265, also gives as t,he end of civil twilight the moment 
when the [ant,i]crepia.scular curtie passes the zenith, and 
planets and stars of the first magnitude begin to appear, 
the depression of the sun below the horizon being.about 6P. 

It thus appears that five d.istinct definitions are given 
for the ending of civil twilight in the evening or its 
beginning in the morning, as follows: 

(1) The moment when the anticrepuscular, or anti- 
twilight arch passes the zenith. 

23 Lambert's value for this deprmsion is 0" 23'. See Lambert. op. cit: 108. The 
writer is unahle to cnnfirm Lambert's use Of the terms rjvil twilight and t&ght arch in 
this connection, alt.hou h both terms ire repeatedly attributed to him. 

98 Rrsvais, hf. A. 8bservatlons ct6pusculiirRs faitrs en Siiisse, & une dlbvation de 
2,690 ru6tre.s au-dessus de Is mer. Coniptes Rendus, 1884, 18:728. 

27 Ahbe, Prof. Cledland. Not.- from the mports of State sections. MONTELY 
WEATHER REVIEW, March 18g9, 26:114-15. 

28 Kaentz op. clt. p. 409. 
19 Bezold' WilhelA van: Beohachtungen liher die DBmmeNng. Gesammelte Ab- 

handlungeh BUS den Gehieten der Meteorolugie rind des Erdmagnetismus. Braun- 
schweig. 1906, p. 29. Pee also Abhe's translation, this separate, p. 20. 

Jo Gruuer, P. Nourelles remarques crmcernant las lueurs cr4pusculdm du del. 
Arch. d. sei. phys. et nat., Oeuera. 1916, 4Ine, par., t. 42, p. 39. 

31 Flamruarion, op. cit.. 18Y3. p. 29. 
82 See. for example. the Anuclrtire lor 1807, p. 193. 
33 H e h ,  op. eit. p. 63. 
34 Vincent, J. Trait6 de m8t6orologie. Bruxelles, 1914 p. 54. 
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(2) The moment when the sun is 6' to 6j4O below the 
horizon. This latter, however, appears to be dependent 
upon (1). 

(3) The moment when stars and planets of the first 
magnitude are just visible. 

(4) The moment in the evening when darkness com- 
pels us to suspend labor in the open air, or the moment 
m the morning when the light is sufEcient for its 
resumption. 

(5) With the disappearance of the first purple light in 
the evening, or with its reappearance in the morning. 
This, in general, appears to coincide with (2) and obser- 
vations likewise appear to make it coincide with (3) 
and (4). 

Likewise, there are discrepancies to be found in tables 
giving the duration of civil twilight. Thus, in the 
Berliner Astronomisches Jahrbucher for 1776-1783, the 
tables which give the duration of astronomical twilight 
(already referred to) also give the duration of civil 
twilight; or the interval between the time the center of 
the sun coincides with the true horizon, disregarding 
atmospheric refraction, and the time its center is 6S023X' 
below the horizon. In the Annuaire Astronomique de 
1'Observatoire Royal de Belgique 36 is a table giving the 
duration of civil twilight for every fifth degree of latitude, 
a t  the times of the summer and winter solstices and the 
equinoxes; and the time given is that required for the 
center of the sun to pass from the horizon to a point 6' 
below, true positions being understood. This table was 
copied by E ~ n e r . ~ "  In the Annuaire Astronomique et 
MBtBorologique, par Camille Flammari~n,~' is a table that 
gives the time interval between the instant when the 
center of the sun appears to be on  the true horizon, allowing 
for atmospheric refraction, and the instant when its 
center is 6' below the horizon; and this table has been 
copied by L h ~ k a . ~ ~  

Finally, in the Ephemerides of the Annuaire Astrono- 
mique de I'Observatoire Royal de Belgique is given the 
time of beginning of civil twilight a t  Uccle, the time of 
sunrise, the time of sunset, and the time of ending of civil 
twilight, for each day in the year. The duration of 
civil twilight as determined from these data agree quite 
closely with Flammarion's table, although on some days 
the duration of morning and evening twilight differs by 
two minutes. The time given for sunrise or sunset is the 
instant when the center of the sun will appear to be on the 
true horizon, assuming 34.5' for atmospheric refraction. 

With the exception of the table in the Berliner As- 
tronomisches Jahrbuch, it is seen that all the above are 
in accord in considering that civil twilight ends in the 
evening and begins in the morning when the true posi- 
tion of the sun's center is 6' below the horizon; and the 
diaerences found in them, as in the case of tables of the 
duration of astronomical twilight, are to be attributed to 
diffamnctw in the conception of the position of the sun a t  
sunli8e or sunset. 

The older definition of the beginning or ending of civil 
twilight, the moment when the anticrepuscular, or anti- 
twilight arch passes the zenith, depends on a phenomenon 
that can only be observed under the most favorable oir- 
cumstances.8s It therefore appeara that we should. aban- 
don this definition for the newer one of Bezold, namely, 
the moment when the first purple light disappears from 
the eky in the evening or reappears in the morning; since 

'8 Sea. for example, the Annuaire for 1907, p. 194. 

17 See, for example,' the A&uaIre for 1603. p. 39. 
1: Ldrka. op. clt.. p. 77. 
a# One of the few authentlc ohservatloru of the trsnslt of the "uppbr boundary of the 

earth's shadow" was made by Helm from a steamer in the Indlan Ocean. Sea Helm 
Luft-Farben. D. 75. 

Pcrnta 0 hksnar op clt p. 745. 

m. 
22 
22 
22 

22 
22 
21 

under favorable atmospheric conditions this is a promi- 
nent feature of twilight phenomena. 

We will therefore define the end of civil twilight in 
the evening and its beginning in the morning as the 
instant when the true position of the sun's center is 6' 
below the horizon. At this time stars and planets of the 
first magnitude are just visible. In the evening the first 
purple hght has just disappeared, and darkness compels 
the suspension of work in the open air unless artificial 
illumination is provided. In the morning the first purple 
light is beginning to appear, and the illumination is 
sufficient for the resumption of outdoor occupations. 

Table 2 gives the length of the period between the 
time when the upper limb of the sun appears to coincide 
with the true horizon and the time the true position of 
its center is 6' below the horizon. Allowing 16' for the 
sun's semidiameter and 34f for atmospheric refraction 
the sun is then only 5010f lower than at  t,he time of sun- 
rise or sunset. The length of this interval has been deter- 
mined in the same manner as the values of astronomical 
twilight in Table 1.  The values of civil twilight thus 
determined are from 1 to 3 minutes less than the values 
given by Flamniarion, and, likewise, than those that 
appear in the Ephemerides of the Annuaire Astronomique 
de Belgique. They are from 3 minutes to 7 minutes less 
than those given in the above Annuaire for 1907, page 194, 
which were copied by Esner, and are also less by the same 
amount than the values given in the table published by 
me in the Transactions of the Illuminating Engineering 
Society, 1916 (reprinted in this REVIEW for January, 1916, 
44: 13). This latter table gives, as stated in its heading, 
the time required for the sun to pass from the horizon to a 
point 6' below, or vice versa. 

Mnr. 1 _________.  
11.. _____._. 
21 ________._ 

TABLE 2.-Dvratdon of civil  twilight. (Interval between surtrise or 
sunset and the time when the true position of the sun's center is 8" 
below the horizon.) 

I 

21 
21 
21 

Date - I 00 

Apr. 1 _________. 21 
11 _____._.-. 21 
21.. ______.. 22 
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e 

-0.6 
-1.9 

Applying the duration of astronomical or civil twilight, 
as given in tables 1 and 2, to the time of sunrise or sunset 
as derived from Weather Bureau Sunshine Tables 4o we 
may obtain the time of the ending in the evening or of the 
beginning in the morning of either astronomical or civil 
twdight as desired. 

THE INTENSITY OF TWILIGHT 

With a standard photometer we may measure the 
intensity of the illumination at  intervals during the 
twilight period, and this has been done by the writer a t  
Mount Weather, Va.," and later, with the same photo- 
meter, by Mr. A. H. Thiessen at  Salt Lake City, Utah. 
The results are summarized in table 3, and are shown 
graphically in figure 1. The sun's altitude refers to the 
true position of its center, and has been determined froni 
Ball's Altitude Tables, already referred to. 

It is to be understood that the discussion which follows 
refers to a practically cloudless sky, unless otherwise 
stated. 

TABLE 3.-Photometric measurements of twilight illumination 

Fwl- Fool- Fool- Foot- Foot- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  fO.0 98 - 0 . 6 4 1 . 9 h  +0.5 57.8 

37 _ _ _ _ _ _  ~ _._.___________..._._____ - 1 . 1 2 0 . 0  -0.5 32.5 
13 -1.4 57 -2.0 27 -4.0 1.6A -1.0 !B.Bh _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -2.9 14 -4.2 3 -4.8 0.4 -1.6 17.7 

____________________________________________.___ -5.2 0 . 1 a  -1.7 1 5 . a  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _  -5.9 0.4 -6.2 0.07 -2.2 9.4 

candle8 candle8 a c a n d h  a mndles candler 

Mount Weather, Va. 1 )  Salt Lake City, Utah 

~~~~ ~~ 

Photometer tube pointed toward the zanlth 

June 13, 1916 ( 1  June 14,1916 11 June 1616,1916 

Nov. 4,1913 11 Nov. 5, 1913 11 Nor. 6, 1913 I /  Dec. 15,1914 11 May 17, 1916 

Photome* tuba p''nted 
moon 

June 14,1018 I June 1616, 1916 

- I- ll- I- ll- I- ll- I- 11-1- 

June 6,1916 I/ June 7, 1916 11 June 10,1916 11 June29,1916 

jF 11 i o .  -0.8 5 
a7.lh -1.1 

Fool- 

57.8 +0.5 
68.31) +O.2 
33.2 -0.2 
55.6h -1.0 
24 5 -1.4 
30.81, -2.1 
8.0 -2.2 

11.81, -3.0 
2.3 -3.2 
4.M -3.6 
1.6 -3.8 
2.6% -6.2 
0.56 -5.3 
0.Wh -6.2 
0.20 -6.4 
0. 4en -7.3 
0.078 -7.4 
0.188h -8. 3 

0 . m  -9.0 
0.015 -9.3 
0.027h 
0.008 
0.MM 

mndlcr O 

0.037 4 . 5  

~- 
FOOt- 

candlu 
i5.6 +l. 6 
M 4  +l. 1 
b.6 +o. 8 
6 . 7  -0.2 
.8.3h -0.7 
15.4 -1.0 
8. u -1.3 
6.4 -1.8 
7.4h -2.6 
2.8 -2.9 
2.7h ( b )  -3 .1  
0.56 -3.4 
1.m (e) -3.5 
0.20 -3.7 
0.3% -4.2 
0.062 -4.4 
0. 1181, -4.6 
0.016 -4.8 
0.m4h (d) -6.9 
0.008 -8.0 
0. 016% -8.6 
.-_--______ -10.8 _ _ _ _ _  ~ _ _ _ _ _  -11.4 
.__________ _ _ _ _ _ - _  

lllumina- 
tion 

Fool- 
candka 
97.7 
76.8 
BB. 8 
51.0 
29.7 
29.8 
30. Yh 
19.5 
16.5h 
8.3 

13. Rh 
5.6 
8.2h 
4.2 
4.4h 
2.0 
2.6h 
1.4 
0.141, 
0.047 (e) 
0. m 
0.004 
0.007h 

_ - _ _ _ _ _ _ _ - _  

Remarks o n  table &-At Mount Weather the sun appeared to 
set when the true position of its center wa8 about 0.7' below the 
horizon. At Salt Lake City, on December 16, 1914, it appeared to 
set when the true Dosition of its center was 2.8' above the horizon: 

'0 MaroJn C. F. Sunshim, Tables. Editlon of 1905. Washington 190.5. (W. B. No. 320.) 
'1 Kimbali, Herbert H. Photometric determinations of dayliiht Illumlnation on a 

horizontal surface at Mount Weather, Va. MONTHLY M'XhTaER REY~EW, Dwmber 
1914,42: 6N-653. 

and in May and June, 1916, when the true position of its center was 
about 0.3" below the horizon. 

At Mount Weather on November 4, 1913, dense haze prevailed, 
and at sunset the sun disappeared in a bank of haze; while on 
November 5 and 6 the sky was clear and the twilight colors were 
brilliant-vellow with pur le light, folIowed by red. 

At Salt Lake City, on hecember 15, 1914, the sun set clear; on 
May 17, 1916, the sun was obscured at sunset by Ci.St. clouds. 
which covered about half the sky; on June 6, 7, and 10 the sky was 
clear; on June 29 there were a few Ci.St. clouds in the west. 

h indicates illumination intensities measured with the photometer 
tube pointed toward the western horizon; all others were measured 
with tube pointed toward the zenith. 

June &(a) Moon at 45' altitude. 
June 10-(b) Vensus appeared; ( e ) ,  first star in NE.; ( d ) ,  North 

Star discernible. 
June 29-(e) Dipper plainly discernible. 
From figure 1 and the notes on table 3 i t  is apparent 

that the twilight is more ini.ense on clear days than on 
hazy days, and that a cirrus cloud sheet diminishes the 
light intensity only slightly. Elevated mountains on the 
horizon near the point where t,lie sun sets diminish the 
twilight intensity . 

The illumination measuremen.ts with .the photometer 
pointed toward the western honzon (h in the table) do 
not become markedly higher than mea?urenient,s with the 
photometer pointed toward t.lie zenith until the sun 
is about 2' below the horizon, or shortly before the 
first purple light begins to appear. The measurements 
show no increase in illumination during the prevalence 
of this li lit. In this respec.t they are in accord with 
Gruner's measurement?, and disprqve many. eye obsey- 
vations of an apparent. increase in illumnatiqn a t  t h s  
time. This apparent increase must be attnbuted to 
light contrasts. That part of the sky covered by the 
first purple light has increased in brightness since sunset, 
as compared with other parts, and, in consequence,.at 
this time the outlines of buildings and of mountains 
facing this light stand out with unusuad clearness. 

From iigure 1 it is seen that when the upper limb of 
the sun appears to coincide with the true horizqn (de- 
pression of the sun's center 50') the zenith illmunation 
is about 33 foot-candles. At the end of civil twilight the 
illumination is about 0.4 foot-;candle. 

To the unscientific reader light intensities expressed in 
units of illumination, &s above, have little. significance. 
I t  will therefore be useful to express these intensities in 
another way. 
TABLE 4.-Photometric ineaaurements of moonlight illurnination, Sali 

. Lake City, Utah 

106th 106th 105th 105th 

time 

Foot- Fool- Foot- 
H.  m. H .m.  candled H.m. cundbr H . m .  eandlu 
0:02 p lo:% p 0.00359 11:w p 0.0127 lo:% p 0.0129 
0:13 p 10:s p o.ma 11:s p 0.0117 10:47 p aoinr 

11:Ol p 0,00546 _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  10:39 p 0.013lf 9:32 p 
0:34 p 11:19 p O.Oo601 _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  Midu't 0.0149 
9:36 p 1l:W p 0.00555 _ _ _ _ _ _ _ _  ___.____ 1242 a 0.0171 
9:4l p 12:05 a 0.00574 _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  1235 a 0 . 0 l W  

10:Ol p ia:z1 a o . o o m  ._______ __._____ i2:m a 0.0174 
10:03 p 1 9 : s  a 0.00674 ._____ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
1095 p 1255 a 0.Will7 ._______ _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _  _______. 
:0:17 p 1258 a 0.@3707 _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  ~ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  
1029 p _ _ _ _ _ _ _ _  ______._ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  - - __ - - -_  _-__---_ 
10:31 p _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  ___-_- - -  _ _ _ _ _ - _ -  
10:35 p 

4 1  Qruncr, P. Quelquss remarques conmrnmt les lueum cr6pusculeires du elel, Aqh,  
sci. phys. et net., Geneva, 1914! 37(42): Z%Z+, 
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.. 
- SOLAR AL1 

SOLAR ALTITUDE 

Y O U M  WEATHER. VA., NOV 4. 1913, 

NOWT WEATHER VA, NOV 5 6. 1913, 

PHOTOMETER POINTED TOWARDS ZENITH 
. I  8 

O.---'SALT LAKE CITY. UTAH, DEC 15. 1914. . . I  

L --"SALT LAKE CITY, UTAH, YAY 17 1916. . , * I  

SALT LAKE Cm,UTAH,JUN€ 6 L 7  1¶16. . . .  
Q ------SALT LAKE cm, UTAH. JUNE 10129.1916. . *  

wmm 
HORIZON 

Q-".-SALT LAKE CITY, UTAH, . 

* 
-6' -7' - 8' 
t 

- 5' 
TUDE 

FIG. 1. Photometric measurements of twilight iuumimt ia  

Curve I photometer pointed toward the zenith. 
Curve & (insert), amtlnuatlon of O w e  I an more open scale with observatims of June 7,lO, and 29,1916. 
Curve III photometer &tad toward western horizon. 

End o(cld1 twiligh! True position of sun, 6" 0' below the sensible horizon. 
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I Lyti- Winter Eiiui- 
t.u*ie s,,lst.ire no..t.e 

H. in. FI. m. 
____________ 

0 U 85 I) :jl 

20 IJ 36 0 33 
25 0 3s 0 35 

30 0 40 0 36 

34 0 42 0 38 
30 0 43 0 33 

10 u 35 0 32 

33 n 41 o 37 

Remarks on table d.-Clesr skies prevailed on all three nights. 
Moon full, June 15, 1916, at 2:42 p. ni. Moon on meridian, June 13, 
10:44 p. in.; June 14, 11:48 p. ni.; June 16, 12:54 a. ni. Moon’s 
declination, from -25’ t o  -26’. 

June 14: 
NOTES 

a. 18-point type read with ease; 
8-point type read with difficulty. 

b. 12-point type read with ease; 
6-point type read with difficulty. 

c. 10-point type read with ease; 
554-point type read with dificulty. 

d. 9-point type read with ease. 
June 15-16: 

e. 14-point8 t,ype read with ease; 
10-point type read with difficiilt,y. 

f. 14-point type read with ease; 
10-point type read with dificulty. 

Q. 12-point type read with ease; 
10-point type read with difficiilty. 

Century expanded type 011 white paper was used, and the sizes 
used are illustrated below. 

~~ ~ 

Bummer 
zdb!st.ire tcidc .oilstice nmes solstice 

H .  7n. 

Lati- 1 \Vinter I Eiilii- 1 Summer I 
0 35 

0 37 
0 39 

0 42 

0 45 
0 47 

0 35 

o 43 

18-point Century expanded type 
14-point Century expanded type 

12-point Century expanded type 
10-point Century expanded type 

*lO-Point, Roman type 
%point Century expanded type 

6-point Century expanded type 

CDOint Roman OYDO 

Approximately 9-pt. and 5%-pt. “Century.” respectively. 

From two papers by Russell 43 we are able to compare 
the intensities of sunlight, twdight, moonlight, and stnr- 
light with considerable accuracy. Thus, Russell 44 gives 
the stellar magnitude of the zenith sun as -26.72 f0.04 
and the stellar magnitude of the zenith moon as - 12.55 
f0.07. The difference in these stellar magnitudes is 14.17. 
A difference of one stellar magnitude represents light in- 
tensitiesin the ratio of 1:2.512. Therefore, the sun exceeds 
the moon in brightness 465,000 times. From Weather 
Bureau photometric measurements made a t  Mount 
Weat’her, Va., Russell 46 obtains for the zenith sun a light 
intensity of 9,600 foot-candles, or 9.96 stellar magnitudes 
brighter than a foot-candle, and gives for the foot-candle 
a stellar magnitude of -16.76. This is 4.21 stellar mag- 
nitudes, or 48.3 times, brighter than the full moon in the 
zenith. 

This result is in good accord with recent measurements 
made by Thiessen, which are summarized in Table 4. 
For the total moonlight illumination we must add about 
10 percent for diffuse sky radiation, so that the illumi- 
nation from the full moon in the zenith as compared to a 
foot-candle is about 1:43.5, With the moon 66.5’ from 
the zenith its illumination is about 70 per cent of its 
zenith illumination, and the proportion to a foot-candle is 
about 1:62, which is very close to Thiessen’s value with 
the photometer pointed toward the full moon, the zenith 
distance of the latter being about 66’. According to 
Russell ‘‘I the illumination of the moon in its first or last 
quarter is about one-tenth of the full-moon illumination. 

‘J Russell, Henry Norris. Stellar magnitudes of the sun, moon, and planets. Astro- 

On the albedo of the planets and their satellites. Ibid., Apr. 1918. 43:172-186. 
physical Journal, March 1916,43:103-129. 

(4 OD. Cit.. D. 105. 

From papers by Fnhry 48 and Ynteina 4Q it appears that 
the totnl stnrlight of a hemisphere is somewhat in excess 
of 1,000 stars of the first magnitude, or about 11250th of 
the brightness of the full moon. 

From the above d n h  Table 5 has been constructed. 
TABLE 5.-Retaihe ilbirn~inc~tioii intensities 

~~ 

Ratio to 
Intensity mnithrtl. 1 i  full moon 

Eoiirre o l  illumination 

From table 5 and figure 1 it nppears that the twilight 
i1lumin:i tion exceeds the illuiiiinntion froiii the zenithal 
full moon until the sun’s center is about 8’ 40’ below 
the horizon. As this is an il1un:inntion intensity of 
some interest, the time after sunset or before sunrise 
when the center of the sun will he So 40‘ below the horizon 
is given in table G for certain latitudes at, the time of the 
equinoxes and the solstices. 

TABLE 6.-Time after sitnset, or bcfore sunrise, during tcrhich the 
twilight zritensity excwds zenithal full-nioonlaght 

SUMMARY 

1. A review of the literature indicates that-from an 
early date a.stron.omka1 twilight has be,en considered tmo 
end in the eve,ning a.nd begin in tmhe morning when the 
true position of the sun’s center is 18’ below the horizon. 
At this time stars of the sixth ma.gnitude are vlsbIe near 
the zenith, and enerally there is no trace on t,he horizon 

2. It also appears that civil twilight ends in the evening 
and begins in t,he morning wheq the true position of the 
sun’s center is 6’ Mow the horizon. At this time stars 
and planets of the first imgnitude are just visible. In  
the evening the first purple light lias just disappeared, 
and darkness compels the suspension of out-door work 
.unless artscial lightin is promded. In  the niornmg the 
first purple light is geginning to be visible, and the 
illumination is sufEcient for the resumption of outdoor 
occupations. 

3. Some confusion has arisen in the cqmputation of 
tables of the duration of both astrononucal and civil 
twilight, due to the fact that in some instances the time 
of sunrise or sunset ha.s been cpnsidered to be that 
instant when the center of the sun is on the true horizon; 
in others, when ip center a,ppea,rs to be on the true 
horizon; and in still others when the upper limb of the 
sun appears to coincide with the true horizon. In the 

of the twilight g Ei ow. 

‘8 Fabry, Charles. The intrinsic brightness ol the starlit sky. .4strophysical Journal, 

10 kntema, Lambertus. On the brightness of tbg sliy a d  the total amount of starlight. 
le10 31:399. 

Qroningen, 1909. 4’ p. 37. 
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United States this latter is regarded as defining the time 
of sunrise and sunset. 

4. In the tables here presented the duration of astro- 
nomical twilight is the interval between sunrise or sunset, 
according to this latter definition, and the instant the 
true position of the sun’s center is 18’ belvw the horizon. 
Likewise, the duration of civil twilight IS the interval 
from sunrise or sunset to the instant the true position 
of the sun’s center is 6’ below the horizon. 

9. At the instant of sunrise or sunset the illumination 
is about 1,650 times as intense as that from the zenithal 
full moon; a t  the end of civil twilight it is about 20 
times as intense; with the sun 8’ 40’ below the horizon 
it about equals zenithal full moon illumination ; while a t  
the end of astronomical twilight, in the absence of the 
moon, it is only about 0.004 as intense. 

The above refer to average clear sky conditions. The 
twilight will be more intense in a dry climate than in a 
moist one, will be greatly reduced.by smoke or haze, 
and may be almost completely obhterated by a dense 
cloud layer. On the other hand, the intensity may be 
increased by the presence of ice crystals in the atmos- 
phere, especially if they are a t  a considerable elevation 
above the place of observation. 

I wish to acknowledge my indebtedness to the editor, 
Dr. Cleveland Abbe, Jr., for valuable assistance in read- 
ing many of the foreign books and papers consulted in 
the preparation of this paper, and to Prof. C. F. Talman 
for his criticism of the manuscript, a.nd for bringing to 
my attention c,ertain publications that had been over- 
looked. 

HURRICANE OF SEPTEMBER 16 TO 22, 1938 
By I. R. TANNPJHILL 

[Marine Dlvision, Weather Bureau, Washington. October id381 

This hurricane was first definite1 located from radio 

centered approximatel 500 mles northeast of the Lee- 
ward Islands, but mai 7 reports now a t  hand show that it 
was centered a t  about 21’ N., 53’ W. late on the 16th. 
I ts  subsequent course is shown on chart IX. On Septem- 
ber 21 the center passed over Long Island and into New 
England near New Haven. Loss of human life was 
placed a t  about 600; the total value of pro erty destroyed 

a quarter to a third of a billion dollars. 

reports on the evening of Septem t er 17, when it was 

in the affected areas has been conservative P y estimated a t  

TROPICAL 8TORMS IN NEW ENGLAND 

Many storms of tropical origin have previously affected 
the New England States. Some of them have crossed 
the Gulf coast, approaching New England from the 
southwest, usually with diminishing force; in greater 
numbers, they have skirted the Atlantic coast with their 
centers over the ocean, causing gales along the seaboard; 
a few have retained hurricane force in their progress 
northward and have been destructive in the interior of the 
New England States. 

Perhaps the earliest of the severe tropical storms of 
record in New England was that which occurred on 
August 15, 1635. A strong northeast wind with heavy 
rain began before daybreak, increased in violence and 
was accompanied by torrential rain. After the gale had 
continued 5 or 6 hours, it changed to northwest and 
radually subsided. In the same month there wns a 

%unicane, possibly the same one, between St. Kitts and 
Martinique, exact date unknown, and also a violent gale 
on the coast of Haiti. Of the New England storm of the 
15th, Governor Bradford said: “None then living, either 
En lish or Indian, ever saw a storm equal to it.” 

#he [‘Great September Gale” of 1815 is probably the 
most noted of the early storms of New England. It was 
generally destructive in Rhode Island and in the central 
portion of Massachusetts. On the coast of Connecticut 
the high tides and hurricane winds destroyed many build- 
ings, and numerous vessels were driven ashore. The 
storm set in from the northeast late on September 22 and 
reached its height shortly before noon of the following day. 
This hurricane came from the West Indies. I t  was 
recorded at  St. Bartholomew on the 18th. Oliver Wen- 
dell Holmes waa 6 years of age at the time of the storm 

8 Perley, 87dney. Bistorlcstormr olNew Englmd. Salem. 1891. 

and afterward immortalized it in his poem, “The Septem- 
ber Gale.” 

Another noteworthy hurricane occurred in New Eng- 
land in 1821. Its course was traced by Redfield.’ The 
center of this hurricane crossed the western part of Long 
Island and passed northward into Connecticut. Shortly 
afterward, in traveling over the area devastated by this 
storm, Redfield observed the directions in which the fallen 
trees were lying and discovered that the storm was a great 
whirlwind. However, he did not publish the first account 
of his observations until 1831.3 

Other storms, probably all of tropical origin, which have 
seriously affected the New England States,’ are sum- 
marized briefly as follows: 

August 19, 1788.-A storm passed northward over 
eastern New York and western New England. There was 
considerable damage in Connecticut and western Massa- 
chusetts. 

September 8, 1869.-This storm appears to have passed 
over eastern Connecticut, Rhode Island, and eastern 
Massachusetts with a path about 60 miles wide, then over 
the ocean to the Maine coast. Many vessels were driven 
ashore. There was much property damage in eastern 
Massachusetts and ou the Maine coast. 

Odobcr 23-24, 1878.-Center of the hurricane crossed 
eastern Pennsylvania and southeastern New York, then 
turned to the northeast and east across New England. 
Much damage was reported in New York City, Brooklyn, 
the Hudson Valley, and Long Island Sound. Several 
vessels were sunk along the Connecticut coast. 

Augwrf 24,1893.-A storm passed over New York City, 
then northeast across New England. It was severe in 
Connecticut and Rhode Island. 

Augu.st 29, 1893.-A storm was severe from New York 
to the eastern New England coast. 

Se fember 16, I903.-This storm was destructive in 
the 8 onnecticut Valley; there was extensive damage to 
shipping on the coast. 

From these accounts it appears that the hurricane of 
September 1938 is not unprecedented in violence in the 
New England area; but the great increase in population 
and property values since the early part of the 19th century - -  - _ -  

I Redfield, W. C. On thmsevere hurrlcanesofthehtlantic. New Haven. 1946. 
1 Redfleld, W. C. Remarks on the prevailing storms of the Atlantic mast. of the 

North American States. The American Journal of Science and Arts. Vol. XX, pp. 17- 
61. NewHnven. 1871. 

New Eawn, Conn. 
4 From notes furnlshed by J .  M. Kirk, oncia1 in charge of the Weather Bureau OfBCe, 


